Objective. To examine the association between work place exposure and CTS by meta-analysis, including analyses with respect to exposure to hand force, repetition, vibration and wrist posture.
Introduction
CTS is the most common peripheral neuropathy and arises from compression of the median nerve as it passes through the carpal tunnel in the wrist. It is known to be associated with age, gender and obesity and has also been associated with a number of medical conditions including RA, acromegaly, hypothyroidism, pregnancy and trauma. Certain occupational activities have also been associated with an increased risk of CTS in some but not all studies and the association between CTS and occupation still remains controversial. There has been one previous published meta-analysis which found an association between force and repetition and occupational factors [1] in studies that used the US National Institute for Occupational Health and Safety (NIOSH) criteria for definition of CTS. More recently, a systematic literature review commissioned by the UK Industrial Injuries Advisory Council found reasonable evidence that prolonged and highly repetitious flexion and extension at the wrist, when allied with a forceful grip increased the risk $2-fold, as did the use of hand-held vibratory tools [2] . However, there have been no further meta-analyses of this potential association despite a number of publications in recent years.
Since this relationship has important ongoing implications for individual workers, work practice and workers' compensation systems around the world, the aim of this study was to provide an updated meta-analysis of studies of CTS and work factors including potentially important specific work exposure risks such as hand force, repetition, vibration and wrist posture. The meta-analysis of observational studies in epidemiology (MOOSE) criteria for reporting of meta-analyses in observational studies [3] was also followed.
Methods
The meta-analysis was based on studies published between January 1980 and 2009. Articles from two earlier reports were identified: a comprehensive meta-analysis that described the pattern of risk of work-related CTS from published studies between 1980 and 1985 [1] and a systematic literature review of published studies that included the period until 2004 [2] .
To update the analysis, another systematic search was conducted using MEDLINE, CINAHL and PubMed databases up to December 2009 and CTS-related papers were retrieved and critiqued. A specific search was completed based on the following key words and subject headings: CTS, carpal tunnel syndrome, median nerve entrapment or neuropathy. To ensure completeness, a wider spectrum search in all three databases was completed using the additional less-specific terms: cumulative trauma disorder (CTD), repetitive strain injury (RSI) and occupational overuse syndrome. This search strategy was similar to that described in the recent systematic review [2] .
In order to represent the relevant occupational exposures, the following key words and subject headings were used: work related, occupation, repetitive, repetitious, RSI, cumulative trauma disorder, CTI, CTD. Specific occupational titles (including wildcard terms $) were also used: poultry process, meat cut, dental worker, supermarket worker, meat industry worker, slaughterhouse, assembly line, assembly worker, packer, garment worker, meat process, butcher, textile worker, forestry work, fish process and musician. This review did not address specifically key words related to computer use or keyboard use.
The search was restricted to English language papers that included any of the specific terms among their key words, title and abstract: risk, rate, odds, incidence, prevalence, ratio, epidemiolo, casecontrol or cohort. Studies were included in the analysis if they were original articles that reported the measures of effect [e.g. odds ratios (ORs) or relative risks] and the cases met the NIOSH criteria for definition, namely the presence of: (i) one or more symptoms indicative of CTS, e.g. paraesthesiae, pain or numbness; and (ii) clinical signs that included a positive Tinel's sign or Phalen's sign or nerve conduction findings indicative of nerve dysfunction across the carpal tunnel as well as (iii) evidence of workrelatedness or the development of symptoms proceeding after employment in a job involving one or more activities such as the use of hand force, repetitive motion, use of vibrating tools and awkward positions [1] . Papers that did not include a control group were excluded from the analysis. Studies reporting a more conservative definition were also examined. This definition included: (i) at least the presence of abnormal nerve conduction findings indicative of median nerve dysfunction across the carpal tunnel; and (ii) either symptoms indicative of CTS, e.g. paraesthesia, pain or numbness or clinical signs that included a positive Tinel's sign or Phalen's sign.
The titles resulting from the search were studied and duplicates and/or irrelevant papers were eliminated. In order to decide which papers to retrieve, the remaining abstracts were read by two independent researchers (P.N.S. and A.B.) and a consensus with a third reviewer (L.M.M.) was used to resolve any differences of opinion. The identified papers were evaluated, extracting details of the study population, exposure details, estimates of effect, bias risks, numbers of exposed and unexposed cases, relative risks and OR. In one instance, where data for the measures of effect were unavailable, the author [4] was successfully contacted. Papers were given a (low, moderate or high) risk of bias rating using Cochrane methodology [5] . This involved assessing each study for the presence of the following bias types: selection (e.g. were there systematic differences between the groups being compared other than the exposure?), performance (e.g. were there systematic differences in medical care apart from the condition of interest), attrition (e.g. was there a differential in study follow-up between the comparison groups?), detection or measurement (e.g. was there a difference in how outcomes or the condition of interest was measured between the comparison groups?) and reporting (e.g. was there a difference between reported and unreported findings?). Two independent researchers (P.N.S. and A.B.) individually assessed each study and a cumulative risk of bias rating was assigned. A third reviewer (L.M.M.) participated to reach consensus when needed.
Statistical analysis
Summary effects (OR with 95% CI) of specific exposure risks were calculated based on random-effects models for hand force, repetition, a combination of force and repetition, vibration and wrist posture. Heterogeneity was quantified using the 2 and I statistics. The method of meta-regression was used to identify sources of heterogeneity and to estimate the extent to which covariates (defined at study level) in the model explained heterogeneity in the exposure risks. Between-studies variance ( 2 ) was estimated using the restricted maximum-likelihood method. [4, 12, 17, 23, 33, 45, 48, 56, 57, 63, 64, 67] and abnormal wrist posture (7 studies; OR 2.69; 95% CI 1.32, 5.49; P = 0.007) [13, 26, 33, 45, 50, 59, 64] was found. However, except for force in combination with repetition ( Fig. 1 ), significant heterogeneity in results was seen among studies for force, repetition, vibration and wrist posture. In clinical practice, the NIOSH criteria that allow symptoms plus signs without the need for abnormal nerve conduction findings are not necessarily very specific for the diagnosis of CTS. We therefore examined the relationship between these five risk exposures and CTS in studies that required at least abnormal nerve conduction findings plus the presence of either typical symptoms or signs of CTS. When studies using this more conservative case definition were analysed, heterogeneity was resolved for three exposures (repetition, force plus repetition and use of vibratory tools), but not for force alone or wrist posture. There were positive associations between these exposures and CTS, namely: repetition (11 studies; OR 2.26; 95% CI 1.73, 2.94; P < 0.001) [4, 12, 16, 26, 31, 37, 40, 44, 55, 61, 64] (Fig. 2) , force plus repetition (5 studies; OR 1.85; 95% CI 0.99, 3.45; P = 0.054) [4, 26, 34, 49, 54] and vibration (3 studies; OR 5.40; 95% CI 3.14, 9.31; P < 0.001) [4, 12, 64] (Fig. 3) .
We subsequently examined further sources of heterogeneity for force. Using the more conservative case definition, we found five studies that examined force [4, 31, 37, 40, 64] (Fig. 4) . These studies generally used either a quantitative grading of force, e.g. kgF or a more qualitative grading, e.g. yes or no categories of exposure. When we examined four studies [4, 31, 37, 64] that used the latter approach, the OR was 6.00 (95% CI 3.55, 10.15) and there was no significant heterogeneity. Using the more conservative definition for wrist posture, there were three studies and the OR was 4.73 (95% CI 0.42, 53.32) [13, 26, 64] (Fig. 5 ). Heterogeneity could not be resolved and the determination of abnormal wrist posture was indirect in two of these studies [13, 26] .
Prospective cohort studies are generally considered to provide a higher level of evidence for prognostic studies or studies evaluating harm. Only three prospective studies were identified and these evaluated exposures to a combination of force and repetition [49] , repetition [55] , hand force [63] and vibration [63] . They were statistically significant for the associations with force [63] and repetition [54] .
Papers were also given a risk of bias rating using Cochrane methodology. Four papers [42, 46, 56, 61] with a high risk of bias were identified and excluded from analyses associated with exposure to repetition [42, 46, 61] and vibration [56] . There was no change to the associated risk of repetition and CTS when excluding three papers with high risk of bias (OR 2.30; 95% CI 1.76, 3.00; P < 0.001). The risk related to vibration exposure decreased slightly, but still demonstrated a positive association (OR 2.65; 95% CI 1.83, 3.84; P < 0.001) when excluding the study by Cherniack et al. [56] .
Consistent with the approach taken above to use a more stringent definition, meta-regression analyses were performed and found that CTS case definition, risk of bias score and country of study explained the majority of heterogeneity for force alone, giving a 2 of only 0.05 (Table 2) . Similarly for vibration and wrist posture, case definition and bias score explained all the heterogeneity. The range of summary estimates derived from subsequent sensitivity analyses including and excluding the various determinants of heterogeneity appear in 
FIG. 1 Forest plot showing individual study and pooled ORs for the association of force and repetition in combination.

Study or subgroup
Abbas et al. [37] Bonfiglioli et al. [54] Chiang et al. [22] Frost et al. [34] Fung et al. [59] Gell et al. [49] Osorio et al. [26] Shiri et al. [67] Silverstein et al. [9] Total (95% CI) 
Abbas et al. [37] Armstrong et al. [4] Barnhart et al. [16] Bonfiglioli et al. [55] Latko et al. [44] Maghsoudipour et al. [64] Osorio et al. [26] Roquelaure et al. [31] Rosecrance et al. [40] Wieslander et al. [12] Yagev et al. [61] Total (95% CI) Total events Heterogeneity: t² = 0.01; c² = 10.72, df = 10 (P = 0.38); I ² = 7
Test for overall effect: Z = 6.02 (P < 0.00001) repetition. The Begg's test funnel plot indicated a potential absence of negative studies with small sample sizes for repetition.
Discussion
CTS is the most common peripheral neuropathy and has been related to occupational activities in some but not all studies. Clarifying this relationship has important implications for workers' compensation systems around the world. It should also alert employers to implement workplace strategies to avoid overexposure to the specific risk factors. In this updated meta-analysis of studies of CTS and work-related factors, there was a strong relationship between the more stringent case definition of CTS (symptoms combined with nerve conduction abnormality) and the use of vibratory tools with a 5-fold increased risk as well as with hand force with a 4-fold increased risk and with repetition and a combined exposure to both force and repetition with a doubling of risk. While wrist posture also showed a 4-fold increased risk it did not reach significance, heterogeneity persisted and the assessment of wrist posture was indirect in two of the studies [13, 26] . However, all these findings are consistent with the biomechanical hypothesis that underlies such a potential association. For example, previous experimental studies in human cadavers and animals suggest that carpal tunnel pressure is strongly influenced by hand force, repetition, hand or wrist vibration and wrist posture [68, 69] . Similarly, animal studies of repetitive flexion and extension of the wrist for prolonged periods resulted in induction of swelling in the carpal tunnel and effects on median nerve conduction [70, 71] .
Our findings are consistent with and update the one previous published meta-analysis that found an association between force and repetition and occupational factors [1] . Our findings are also consistent with a more recent systematic literature review that found reasonable evidence that prolonged with highly repetitious flexion and extension at the wrist, when combined with a forceful grip increased the risk about 2-fold, as did the use of hand-held vibratory tools [2] . Although we presented initial results using the NIOSH criteria, given that the earlier meta-analysis [1] used those same criteria, we would recommend the more conservative definition requiring both abnormal nerve conduction findings and the presence of either typical symptoms or signs of CTS, as this is more likely to reflect real clinical practice and resolved heterogeneity between studies for a number of measures.
This study has a number of strengths and limitations. Many of the studies included in this meta- analysis   FIG. 4 Forest plot showing individual study and pooled ORs for the association of force using a conservative case definition.
Study or subgroup
Abbas et al. [37] Armstrong et al. [4] Maghsoudipour et al. [64] Roquelaure et al. [31] Rosecrance et al. [40] Total (95% CI) Total events Heterogeneity: t² = 1.01; c² = 25.17, df = 4 (P < 0.0001); I ² = 84
Test for overall effect: Z = 2.79 (P = 0.005) collected information about exposures retrospectively and the ability to control for confounding factors varied between studies. Few prospective studies were identified and there was a trend for the summary OR to decrease, indicating less of an effect for risk exposure in these studies. There was a wide variety of workplace environments represented and highly significant heterogeneity evident when the studies were combined. No single occupational activity or duration or dose response could be identified from these studies. Thus, it is not currently possible to determine what level of exposure is safe and this is particularly the case when several exposures are combined or not well defined. We did not address specifically the relationship between CTS and computer or keyboard use, which remains a controversial topic [72] . Differences in diagnostic classification or criteria for CTS between studies also varied considerably. We could not address the effect of gender because there were insufficient sex-specific data to address this issue. However, even accounting for these potential limitations, the evidence as a whole remains consistent in suggesting the risks associated with occupational exposure via repetition, force, vibration and wrist posture can be reasonably linked to CTS. Given the significant implications these findings have for workers and employers, there is a high priority to conduct well-documented prospective studies of inception cohorts commencing work in the high-risk occupations to document exposure objectively and to derive more valid rates and consequently more accurate assessment of the attributable fractions of the exposures to the development of CTS. We would be then better placed to identify what the modifiable factors and opportunities for intervention are.
Our findings have significant implications for preventive measures in the workforce. The most common legal test applied in deciding whether a potential occupational disease should be covered by workers' compensation is the balance of probabilities. In the UK, this requires that the risk of the disease should be at least doubled as a consequence of the occupational exposure since a relative risk of two corresponds to an attributable fraction of 50% in exposed persons [2] . Our meta-analysis found that the risk for the five exposures that we studied ranged from between a 2-and 5-fold increased risk representing attributable fractions of 5080%. Based on these findings until further prospective studies of high quality become available, highly repetitive wrist or hand work should be avoided with regular rotation of tasks and appropriate rest periods. Prolonged use of hand-held vibratory tools should also be monitored. Further studies of the types of occupational exposure in terms of specific activities in a particular job are required. Because of the heterogeneity of occupational duties with some of the above components shown to increase risk, some degree of interpolation may be necessary. To summarize, the current body of published research supports that certain occupational hand and wrist activities materially increase the risk of CTS. The current literature suggests that workers' compensation authorities should now formally recognize this association.
Rheumatology key messages
. Exposure to certain occupational hand and wrist activities materially increases the risk of CTS. . Activities that increase CTS risk include excess vibration, hand force, repetition or their combination. . Workplace strategies to avoid excess exposure to activities that increase CTS risk should be implemented.
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